GLUT4 shows decreased levels in failing human adult hearts. We speculated that GLUT4 expression in cardiac muscle may be fine-tuned by microRNAs.
Introduction
Perturbed myocardial energetics is a potentially important and yet poorly studied mechanism for the progression of chronic heart failure (CHF), that has been reported in models of heart failure and cardiac hypertrophy [1] . The depletion of high energy phosphate metabolites may contribute to heart failure, and a decreased PCr/ATP ratio has been found in cardiac muscle of heart failure patients [2] and animal models of heart failure [3] . Myocardial glycolytic ATP production is important for preserving cardiac viability during ischemia [4] . A major determinant of glycolytic flux is glucose transport; glucose enters heart cells via the facilitative glucose transporters GLUT1 and GLUT4 [5] . GLUT4 resides in intracellular vesicles under basal conditions and translocates to the plasma membrane in response to insulin, ischemia, and exercise; hence, GLUT4 translocation represents the major mechanism by which glucose uptake into the cardiomyocytes can be increased [5] . Therefore, it is possible that maintenance of the level of GLUT4 is important for myocardial energy supply during cardiac hypertrophy and failure.
MicroRNAs (miRNAs) are small, non-protein-coding RNAs that recognize target sequences with imperfect complementarity in cognate mRNAs and inhibit protein translation. Growing evidence indicates that miRNAs affect pathways that are fundamental for metabolic control such as in adipocytes and skeletal muscle [6, 7] .
Among >500 mammalian miRNAs identified thus far, miR-133 is believed to be expressed specifically in adult cardiac and skeletal muscle tissues where miR-133 regulates the differentiation and proliferation of these cells [8] . Recent studies suggested that miR-133 controls cardiac hypertrophy, and it is significantly down-regulated in hypertrophic and failing hearts [9] [10] [11] . Therefore, down-regulation of miR-133 may be involved in the development and progression of CHF. Because CHF patients have whole body insulin resistance [12] [13] [14] , decreased myocardial fluorodeoxyglucose uptake during insulin clamp and decreased GLUT4 expression [15, 16] , it was speculated that glucose uptake change in heart failure may be affected post-transcriptionally by miR-133. In the present study, miR-133 has reduced cardiomyocyte GLUT4 levels.
KLF15 was established experimentally as a target for repression by miR-133. It was confirmed that overexpression of miR-133 reduced the protein level of KLF15 and reduced their downstream target GLUT4. Silencing endogenous miR-133 in vitro increased the levels of KLF15 and GLUT4, which indicated a potential role of miR-133 in cardiac myocytes.
The expression levels of GLUT4 and miR-133 were also investigated in Dahl salt-sensitive rats [17] . In this rat model under a high-salt diet, systemic hypertension caused compensated concentric left ventricular hypertrophy (LVH) at the age of 11 weeks, followed by marked LV dilatation and global hypokinesis at 17 weeks (CHF stage). The expression levels of KLF15 and GLUT4 in the heart were reduced at the LVH stage and further reduced at the CHF stage.
Thus, the present findings illustrated a novel function of miR-133 in fine-tuning KLF15-mediated cardiomyocyte GLUT4 expression. The down-regulation of miR-133a and 133b in failing hearts may contribute to the enhancing myocardial energy intake as a compensatory mechanism.
Materials and Methods

Reagents
Anti-GLUT4 antibody (C-20) and anti-KLF15 antibody (N-16) were obtained from Santa Cruz Biotechnology (CA, USA). Anti-β actin antibody (A5441) was obtained from Sigma Aldrich (Saint Louis, MI, USA). Anti-GAPDH antibody (14C10) was obtained from Cell Signaling Technology (Beverly, MA, USA).
Isolation of neonatal rat cardiomyocytes
The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). Primary neonatal rat ventricular cardiomyocytes were prepared as described previously [18] .
Plasmids
Expression vectors for the negative control and the microRNAs were generated using BLOCK-iT TM PolIImiR RNAi Expression Vector Kits following the manufacturer's protocol (Invitrogen). In order to create anti-miR-133 (decoy) vector, the luciferase 3'UTR was modified to include 3 tandem sequences complementary to miR-133a, separated by 3 nucleotides spacers [10] . Rat KLF15 was amplified from rat heart cDNA (BD Biosciences Clontech) using iProof DNA polymerase (Bio-Rad Laboratories, Inc.) and cloned into pcDNA3.1 (Invitrogen). The sequences of all constructs were analyzed using an ABI 3100 genetic analyzer. All of these constructs were correctly inserted into a pLenti6/V5-D-TOPO vector (Invitrogen) driven by a CMV promoter to stably express genes in neonatal rat cardiac myocytes.
Lentivirus production and DNA transduction
As described previously, lentiviral stocks were produced in 293FT cells following the manufacturer's protocol (Invitrogen) [19, 20] . In brief, virus-containing medium was collected 48 h post transfection and filtered through a 0.45-µm filter. One round of lentiviral infection was performed by replacing the medium with virus-containing medium (containing 8 µg of Polybrene® per ml), followed by centrifugation at 2,500 rpm for 30 min at 32°C. Cells were used for analysis two or three days after DNA transduction.
RNA extraction and quantitative real-time PCR for mRNA
Total RNA was isolated using TRIzol® reagent (Invitrogen) and cDNA was synthesized by using SuperScript II reverse transcriptase (Invitrogen). For real-time PCR, the reaction was performed with a SYBR Green PCR master mix (Applied Biosystems), and the products were analyzed using a thermal cycler (ABI Prism 7900HT sequence detection system). The Levels of GAPDH transcripts was used to normalize cDNA levels. Gene-specific primers were shown in supplementary methods.
Western blotting
Cell lysates were prepared as described previously and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis, followed by standard western blotting procedures [19] .
Quantitative real-time PCR for microRNA
For quantitative real-time PCR for microRNA, total RNA was reverse-transcribed into cDNA using a mirVana™ qRT-PCR miRNA Detection Kit (Ambion) and miRNA specific primers (mirVana™ qRT-PCR miRNA Primer Sets; Ambion). SYBR Green I Stain (Lonza, ME, USA) was used to monitor the amplification of cDNA, and ROX Reference Dye (Invitrogen) was used for normalization. Super Taq™ (Ambion) was employed to amplify cDNA. Amplification was performed using an ABI Prism 7900HT sequence detection system (Applied Biosystems). Samples were normalized by 5S rRNA expression levels.
Northern blotting for microRNA
Small RNA fractions were isolated from total RNA using a mirVana miRNA Isolation kit (Ambion). The small RNA fractions 5 µg were separated by electrophoresis using 
Dual-luciferase assays and lipofection
For GLUT4 promoter assays, a pGL3-basic (Promega, Madison, WI, USA) reporter plasmid was used containing the rat GLUT4 gene promoter (1000 bp nucleotide). 
Mutations in the
Glucose uptake assays
Cardiomyocytes were grown in 24-well plates. Three days after DNA transfection using lenti virus vector, 2-deoxyglucose (2DG) uptake was determined, as described previously [19] . 2-Deoxy-D-[1-3 H] glucose was obtained from Amersham Biosciences.
Statistics
Data are presented as means ± S.E. Statistical comparisons were performed using unpaired two-tailed Student's t-tests or one-way analysis of variance with Bonferonni's post hoc test where appropriate, with a probability value of <0.05 was taken to indicate significance.
Note: Supplementary methods are available on website
Results
MicroRNA-133 reduced the expression of GLUT4
First, an attempt was made to find a link between miR-133 and glucose transporters.
Expression vectors for negative control and microRNAs were generated using BLOCK-iT TM PolIImiR RNAi Expression Vector Kits following the manufacturer's protocol (Invitrogen). Fig.1A shows the expression level of miR-133a by Northern blotting in neonatal rat cardiac myocytes. The transduction efficiency of these miRNAs was always over 90% (Supplement Fig.1A ). The over-expression of miR-133a and 133b decreased cardiomyocyte cell surface area as described previously (Supplement Fig.1A and 1B) [10] . Fig.1B and 1C indicate that over-expression of miR-133a and 133b reduced the mRNA and protein levels of GLUT4, but they had no effect on GLUT1 expression ( Supplement Fig.1C ). The effect of these miR expressions on 2-deoxyglucose (2DG) uptake was also measured in cardiac myocytes. Although the expression of miR-133a or 133b did not change the basal levels of 2-DG uptake, they reduced insulin-induced glucose uptake significantly ( Fig.1D ).
KLF15 is a target of miR-133 in cardiac myocytes
The computational miRNA target prediction algorithm showed that KLF15 is a target of miR-133 (MiRNAMap http://mirnamap.mbc.nctu.edu.tw/, Supplement Fig.2A ). The expression of 133a and 133b reduced the protein levels of KLF15, whereas they did not change the KLF15 mRNA level ( Fig.2A and Supplement Fig.2B ). The rat GLUT4 promoter was isolated by PCR and cloned upstream of a luciferase reporter gene.
Point-mutations of the potential KLF15 binding site reduced the expression of luciferase in cardiac myocytes (Fig.2B ). This finding shows the endogenous contribution of KLF15 to GLUT4 expression. Moreover, the expression of miR-133a and 133b reduced the expression levels of the luciferase reporter gene (Fig.2C ).
Reduction in endogenous miR-133 using forced expression of a 'decoy' gene
To assess the functional consequences of silencing endogenous miR-133 and the miRNAs with the same seed sequence in vitro, cardiac myocytes infected with a lentivirus vector were used, in which the 3'UTR with three tandem sequences complementary to miR-133 was linked to the luciferase reporter gene (miR-133 decoy, Supplement Fig.3A) . The complementary sequences acted as a decoy, sequestering endogenous miR-133 and other miRNAs that have the same seed sequence. When the same amount of control and miR-133 decoy were transduced into cardiomyocytes, the luciferase activity was significantly reduced (Supplement Fig.3B ). Northern blot analysis indicated that the miR-133a level was significantly reduced by the expression of miR-133 decoy (Fig.3A) . The expression of miR-133 decoy enhanced the protein level of KLF15 without changing its mRNA level (Fig.3B 
Analysis of Dahl salt-sensitive rat hearts
Hemodynamic overload in the heart can trigger maladaptive hypertrophy of cardiac myocytes. In salt-sensitive Dahl rats on a high-salt diet, systemic hypertension caused compensated concentric left ventricular hypertrophy (LVH) at the age of 11 weeks (LVH stage), followed by marked LV dilatation and global hypokinesis at 17 weeks (CHF stage). The expression levels of ANF were enhanced in the LVH stage and increased dramatically in the CHF stage (Fig. 4A ). The expression levels of KLF15 and GLUT4 were investigated in this model. These expression levels decreased at the LVH stage and further decreased at the CHF stage ( Figs. 4B and C) . KLF15 protein level is indicated in Fig. 4D . The expression levels of miR-133a and 133b were parallel to these levels (Figs 4E and F).
Discussion
Cardiac diseases are a major cause of morbidity and mortality worldwide.
Hypertension and myocardial infarction, in particular, predispose patients the development of heart failure. Changes in cardiac substrate utilization and energy metabolism, including a decline in high-energy-phosphate content, a reduction in fatty acid oxidation rate, and an increased dependence on glucose as a substrate, are hallmarks of a hypertrophied and failing heart [21, 22] . Although the question as to whether altered substrate metabolism is a cause or consequence of cardiac failure is still unsolved, the decline in cardiac function could be caused in part by diminished substrate oxidation.
Because of its hydrophilic nature, glucose is unable to pass the lipid bilayer of the plasma membrane by simple diffusion. In cardiomyocytes two members of the glucose transporter GLUT family are present, GLUT1 and GLUT4 [23, 24] . While GLUT1 is regarded as the basal glucose transporter, GLUT4 is responsible for the increase in glucose uptake upon insulin stimulation and oxidative stress [19] .
MicroRNA-mediated gene regulation is now considered a fundamental layer of genetic programs that operate at the posttranscriptional level. However, despite an ability to identify miRNAs, regulatory targets have not been established for any of the vertebrate miRNAs. Current understanding of the function of these miRNAs is mainly derived from the computational target prediction and information about its developmental expression pattern as well as their evolutionary conservation.
Recently, the developmental role of miR-133 was shown in miR-133-null mice [25] . The study revealed that miR-133 is essential in orchestrating cardiac development and the SRF-dependent myogenic transcriptional circuit. However, its potential role in heart failure still remains unknown. Because it is already reported that miR-133 is repressed in diseased hearts [9] [10] [11] , it was speculated that the suppression of miR-133 may have a role in maintaining the level of GLUT4 in cardiac myocytes. This report identified that one of the targets of miR-133 is KLF15, which is important for the transcription of GLUT4.
A major form of GLUT4 regulation involves its translocation from the interior of cells to the plasma membrane [26] . However, GLUT4 mRNA levels are also regulated in conditions such as experimental diabetes and fasting [27] . In addition, it was demonstrated that perinatal expression of cardiac GLUT4 is controlled directly at the level of gene transcription [28] . Thus, an understanding of the mechanisms governing GLUT4 gene expression has been of considerable interest. Previous studies identified a proximal regulatory region that contains a critical MEF-binding element [29, 30] . We also observed that MEF2C is downregulated by miR-133 overexpression. However, miR-133 decoy did not affect MEF2C level (data not shown). Gray et al. found that KLF15 strongly induces the GLUT4 promoter and that the majority of this activity was mediated by a binding site that lies in proximity to the MEF site [31] . Our results also provide evidences that KLF15 is important for GLUT4 expression and that there is another complex regulation of GLUT4 by posttranslational regulation of KLF15 via miR-133 in the heart.
Recently, KLF15 deficient mice were generated by Fish et al. [32] and they 
Figure legend
Supplemental methods
Immunocytochemistry and measurement of cell size
Cardiac myocytes were grown in flask-style chambers with glass slides (Nalgen Nunc, Naperville, IL, USA). Two days after lenti virus infection, the cells were fixed with 10% formaldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature.
Immunocytochemical staining for β-myosin heavy chain (β-MHC) was performed using an indirect immunoperoxidase method. The anti-cardiac β-MHC polyclonal antibody (NovoCastra, Newcastle, UK) was used at a dilution of 1:50. A total of 50 cells were selected at random from cardiac myocytes stained with anti-β-MHC antibody, and the surface areas of these cells were measured with the aid of an image analyzer (Image-J software). 
Primer sequences for real-time PCR
